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The key behavioural, physiological and anatomical components of
a magnetite-based magnetic sense have been demonstrated in
rainbow trout (Oncorhynchus mykiss)'. Candidate receptor cells
located within a discrete sub-layer of the olfactory lamellae
contained iron-rich crystals that were similar in size and shape
to magnetite crystals extracted from salmon"? Here we show that
these crystals, which mapped to individual receptors using con-
focal and atomic force microscopy, are magnetic, as they are
uniquely associated with dipoles detected by magnetic force
microscopy. Analysis of their magnetic properties identifies the
crystals as single-domain magnetite. In addition, three-dimen-
sional reconstruction of the candidate receptors using confocal
and atomic force microscopy imaging confirm that several mag-
netic crystals are arranged in a chain of about 1pm within
the receptor, and that the receptor is a multi-lobed single cell.
These results are consistent with a magnetite-based detection
mechanism?®’, as 1-pum chains of single-domain magnetite crystals
are highly suitable for the behavioural and physiological
responses to magnetic intensity previously reported in the trout.

Permanently magnetized single-domain magnetite crystals
(‘lodestone’, Fe-:O Fe,O3) have been described in many different
phyla’, and the suitability of magnetite for magnetoreception has
been analysed in detail’™. If the crystals in the nose of the trout are
single-domain magnetite, they could act as detector elements within
a receptor if their movement, or the torque on them, arising from
the interaction of their magnetic moments with the earth’s magnetic
field is measurable by the nervous system®. Single 50-nm crystals of
magnetite do not interact strongly enough with the earth’s magnetic
field to overcome the randomizing effects of thermal buffeting’
however, if the crystals are arranged in chains as in the magneto-
tactic bacteria, their individual moments will sum linearly. The
average orientation of a freely rotating chain will be aligned with the
external field vector, whereas the variance of the chain’s orientation
will depend on the intensity of the external field. Chains of
crystals with magnetic-to-thermal energy ratios of two and six
are optimal for detecting magnetic intensity and direction,
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respectively’. A consistent chain length giving either of the above
ratios will thus provide evidence of selection for use of the chains in
magnetoreception.

The existence of magnetite-based receptors is difficult to demon-
strate because the magnetite crystals are too small to be detected
easily and the receptors do not need to be aggregated into a complex
sense organ'’. We previously imaged putative magnetite crystals in
thin sections from the nose of the trout but were unable to identify
the crystals uniquely nor show that the crystals were organized for
use in magnetoreception'. To overcome the problems of scale
presented by the small size and low volume concentrations of the
crystals, we have now combined confocal laser scanning microscopy
(CLSM) with atomic force microscopy (AFM)/magnetic force
microscopy (MFM) techniques to characterize the putative magne-
tite crystals and the candidate magnetoreceptor cells in the trout.

Magnetic force microscopy is capable of determining magnetic
domain structure in a variety of magnetic materials, including small
particles with a spatial resolution of less than 100 nm. Because it is

Figure 1 Step-wise increase in the magnification (CLSM autofluorescent images) of the
area in the olfactory lamellae where we find magnetic crystals. a, Section through a trout
nasal capsule with three lamellae evident within the capsule; a lateral line canal (lic) is also
seen. Scale bar, 250 wm. b, Section through the distal half of the middle lamella in a, with
an arrowhead pointing to the magnetoreceptor cell shown in €. Scale bar, 50 m. ¢, CLSM
overlay (60-pm square) taken around the magnetoreceptor cell shown in b. The image of
the reflectance contained in the cell has been overlaid onto the autofluorescent image of
the cell.
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sensitive to magnetic forces, it can also image magnetic structures
that are covered by a layer of non-magnetic material. Both calcula-
tions and experimental results from magnetotactic bacteria have
shown that MFM has sufficient sensitivity to image single-domain-
sized magnetite particles®. Experimentally, it has been observed that
the MFM shows magnetic contrast above single-domain magnetite
particles when the MFM tip is within 1 um of the particle. To
prepare the trout tissue for AFM/MFM imaging, we sectioned JB4
blocks of tissue along the z-axis until candidate particles located
with the CLSM were within 100—-200 nm of the block surface (Fig.
1). The location of the candidate particles was then reconfirmed and
image maps generated using the CLSM to assist in precise position-
ing of the scanning tip of the atomic/magnetic force microscope to
the same locale.

Subsequent MFM only detected a distinct ‘magnetic contrast’ at
the locations where reflectance had previously been observed in
CLSM (Fig. 2a, b). The areas showing magnetic contrast were
less than 100 nm in diameter and had dipole moments of about
107" to 107"*Ampere-metre? (A-m?) (Figs 2c and 3). Although the
MFM image did not indicate whether the source of the magnetic
contrast is a single large magnetic particle or several smaller
particles, simultaneous AFM topography images showed that the
magnetic sources arose from small, uniformly sized particles present
either singly or in small groups (Fig. 2a).

When we applied a magnetic field, the magnetization of the
particle(s) reversed. Observation of this sort of reversal in the
presence of a non-zero applied magnetic field is a clear indication
of magnetic hysteresis associated with ferromagnetic samples’. This
‘smoking gun’ (changes in polarity in a non-zero applied field) is
visible in the four images of Fig. 3. The first image (Fig. 3a) shows a
dark patch in the region of the magnetic source. This is consistent
with an attractive interaction caused by the magnetic field from the
MFM tip magnetizing the particle. The next image (Fig. 3b) was
made in an applied field of +130 millitesla (mT) and shows a dipolar
contrast (black/white), consistent with the magnetite particle being
magnetized in the plane of the sample. This field value is below the
500-mT coercivity of the MFM tip that we used, insuring that the tip
magnetization remained primarily along the axis of the tip. The two
subsequent images (Fig. 3c, d) show the polarity of the imaged
dipole switching in response to toggling the applied field.

We calculated the MFM image switching-field distribution

Figure 2 Images of magnetic particle(s)
simultaneously in MFM (left) and AFM (right) mode. The dipole image shown on the left is
the summed field of the three particles shown on the right. Scale bar, 100 nm. b, MFM
scan taken of a 10-p.m square area in a lamella. Note the small dipole present in the
upper right hand corner. ¢, MFM image (75-nm square) of a magnetic dipole switching
because of the applied field of +25mT and the field from the MFM tip.

). a, Scanned images of multiple particles taken
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(Fig. 4) for a particle by subtracting sequential images'. We
measured a coercivity between 20 and 40 mT for the particle(s),
which is consistent with measurements made on single-domain
magnetite particles from magnetotactic bacteria'®''. The magnetic
field from the MFM tip will affect this value and therefore it must be
viewed with some caution™'’. Magnetite in sockeye salmon had a
mean coercivity of roughly 30mT (ref. 12), whereas the mean
moment of magnetite particles extracted from the salmon was
about 2 x 1077 A-m? (ref. 13). These values both agree well with
observed values for the single and grouped particles shown in Figs 2
and 3 and also exclude greigite as the magnetic source. The
coercivity and magnetic moment of greigite particles of the sizes
found in the trout would be less than 2.5mT and 0.5 x 10”7 A-m?
respectively'. In addition, we took two of the same MFM tips used
on the crystals within the trout tissue and imaged magnetotactic
bacteria samples. This provided a calibration sample, as the
moment of the magnetite crystals within the bacteria is well defined.
The calculated moment of the group of multiple crystals shown in
Fig. 2 in the trout tissue using this technique is 5x 10™'® A-m? which
is consistent with several single-domain-sized particles being the
source of contrast in the trout images.

The reflectance of the crystals obtained on the CLSM can be
mapped to a multi-lobed cell that is located within the basal lamina
of a trout olfactory lamella (Fig. 5). The cell is 10-15wm in
diameter and has several processes (>4) that extend out to and
are surrounded by tubular-shaped fibroblastic cells (with two
processes) that help delineate the basal layer (Fig. 5a, b). Analysis
of the 3D images taken in both fluorescent and reflectance CLSM
mode of at least four cells gave an estimated length of the crystal
chain of about 1 um (Fig. 5¢, d). The observation of single particles
in AFM that are associated with the smallest magnetic sources
detected in MFM thus seems likely to occur when a chain is lying
end on to the surface of the block (for example, Fig. 3). Conversely,
groups of particles might be observed either where the chain of

2
&

[
W
W

Figure 3 MFM images that show the response of a putative single magnetic particle
(within trout tissue) in the presence of an applied field. The magnetic field applied in the
plane of the sample was +1.4, +150, —150 and +130 mT for images a—d, respectively.
MFM images (75-nm squares) are shown on top, with a representation of the MFM tip and
magnetization of the particle underneath. The MFM tip (inverted triangle) is permanently
magnetized with a coercivity of +500 mT at right angles (arrow in inverted triangle) to the
applied field. The small arrows within each circle under the tip represent the alignment of
the individual magnetic dipole moments that might act as the field source. a, Image shows
a dark patch at the location of the particle. This dark patch indicates an attractive reaction
between the tip and sample, consistent with the magnetic field from the MFM tip weakly
magnetizing the particle and causing an attractive interaction. b—d, MFM images show
the nearly dipolar responses of the magnetic particle under a strong applied magnetic
field. These are consistent with an MFM image of a single-domain particle magnetized
along the direction of the applied field. Note that the reversal of the field and dipolar
response in ¢ are consistent with the particle magnetization flipping in the reversed
applied field. In images b—d, The applied field was large enough to completely align the
magnetic moment of the crystals within the field.
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particles bends (evident in Fig. 5c and d) or where strong attractions
between opposite poles may occasionally cause aggregation of the
crystals during fixation and embedding of the tissue samples.

The distinctive shape, consistent co-localization within the same
sub-layer where the magnetically responsive branch of the trigem-
inal nerve terminates, and the presence of single-domain magnetite
crystals lead us to the conclusion that these cells are excellent

MFM SFD

=20 0 20
Applied field (kA m™)

Figure 4 MFM image switching-field distribution. The switching-field distribution was
measured by subtraction of sequential images of the MFM signal above the putative dipole
as the applied field was systematically varied. The results were scaled to give a maximum
magnitude of 1. There are two large spikes, one corresponding to a positive field value,
another to a negative. The separation between the two peaks is about 40 kAm™. This
implies a coercivity of 20 kA m™", consistent with values found in bacterial magnetite, also
measured with an MFM'®,

Figure 5 Images of the magnetoreceptor cell. a, Representation of a magnetoreceptor.
A single optical slice (also shown in ¢) taken at the level of the magnetic particles is
extended out of the receptor to show the placement of the magnetic particle chain.

b, Three-dimensional volume rendered image of a single magnetoreceptor cell that shows
its multi-lobed shape. ¢, CLSM optical slice overlay of an autofluorescent image of
receptor and reflectance image of a 1-.m chain of magnetic particles (arrow). d, CLSM
30-.m wide overlay in reflected and transmitted light modes of a magnetoreceptor
isolated from a trypsin digest of an olfactory lamella. The arrow indicates a chain of
reflecting crystals. e, CLSM optical slice (~30-um wide) taken through a magneto-
receptor within an olfactory lamella. The arrow points to the reflectance of a particle
contained within the cell.
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candidates for magnetoreceptors. We note that the moments for
the magnetite particles extracted from the salmon suggest the chains
of crystals will have a magnetic to thermal energy ratio of about
four, which is consistent with their use in both the behavioural and
physiological responses to magnetic fields that have been shown in a
variety of taxa”™'®. This discovery of magnetite in a form that
appears optimal for detecting changes in magnetic fields raises
the possibility that magnetite is the basis of a general magneto-
receptor mechanism in taxa as distant as the vertebrates and
arthropods''**. We also note that the magnetite discovered in
the trout would be suitable for detecting the small changes in
magnetic intensity required by a new model of magnetic position
determination by homing pigeons™”’. We therefore suggest that
these cells are very likely to be the site of magnetic field detection in
the trout and that understanding should now be sought of how the
chains of crystals could transduce a magnetic field into an electrical
signal in the nervous system. t

Methods
Tissue preparation

Juvenile trout (40—60 mm) were anaesthetized in 0.05% MS 222, measured and
decapitated just behind the gill cover. After immersion in fixative for 24 h, the head was in
embedded in JB4 resin. Thin sections were taken through the head to expose the olfactory
lamellae for microscopic analysis.

Confocal microscopy

Candidate magnetic crystals were located and mapped within the lamellae using
reflectance-mode on a Leica TCS 4D confocal laser scanning microscope. A combined
filter set (488/568) was then used to image and map the area around the candidate crystals
using tissue and glutaraldehyde induced autofluorescence. The reflecting crystals were
found within single cells, and three-dimensional rendering based upon 50-nm optical
slices (in both autofluorescent and reflectance mode) was done using VoxelView (Vital
Images, Fairfield, Iowa) to map precisely the location of the magnetite crystal chain within
a cell.

Atomic/magnetic force microscopy

A commercially available atomic/magnetic force microscope (Dimension 3100, Digital
Instruments, Santa Barbara, CA) was used to generate all the images. The microscope was
operated in Tapping/Lift mode, a well established technique for imaging both topography
and magnetic force over a region of the sample’. This mode provides simultaneous high-
resolution AFM images of the sample surface topography and magnetic interactions made
at a well defined tip—sample separation referred to as the ‘lift height. The imaging was
done in the presence of an applied magnetic field, using a rotating rare earth magnet™. and
a high coercivity tip*’. This had two primary benefits: first, the applied field aligned the
magnetic moment of the sample leading to stronger MFM contrast; and second, the
direction of the applied field could be reversed, in turn reversing the magnetic moment of
the sample and providing an unambiguous indication of the existence of magnetism in the
trout tissue.
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The anatomical connections from the whiskers to the rodent
somatosensory (barrel) cortex form two parallel (lemniscal and
paralemniscal) pathways"’. It is unclear whether the paralemnis-
cal pathway is directly involved in tactile processing, because
paralemniscal neuronal responses show poor spatial resolution,
labile latencies and strong dependence on cortical feedback®™.
Here we show that the paralemniscal system can transform
temporally encoded vibrissal information into a rate code. We
recorded the representations of the frequency of whisker move-
ment along the two pathways in anaesthetized rats. In response to
varying stimulus frequencies, the lemniscal neurons exhibited
amplitude modulations and constant latencies. In contrast, para-
lemniscal neurons in both thalamus and cortex coded the input
frequency as changes in latency. Because the onset latencies
increased and the offset latencies remained constant, the latency
increments were translated into a rate code: increasing onset
latencies led to lower spike counts. A thalamocortical loop that
includes cortical oscillations and thalamic gating can account for
these results. Thus, variable latencies and effective cortical feed-
back in the paralemniscal system can serve the processing of
temporal sensory cues, such as those that encode object location
during whisking. In contrast, fixed time locking in the lemniscal
system is crucial for reliable spatial processing.

The lemniscal pathway of the rat trigeminal system ascends
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through the ventral posterior medial nucleus (VPM) of the thala-
mus to the barrels in layer 4 of the cortex and to layers 5b and 6 (refs
6, 7). The paralemniscal pathway ascends through the medial
division of the posterior nucleus (POm) of the thalamus to layers
1 and 5a and to the septa between the barrels in layer 4 (refs 7, 8). To
reveal the processing differences between the two pathways, we
recorded from single-units (n = 710) and multi-units (n = 540) of
the major stations along these pathways while we stimulated
(moved) the whiskers. First we analysed single- and multi-units
separately. Analysis of the single-units revealed that response
patterns were usually similar for neighbouring neurons. Therefore,
spikes of all single- and multi-units that were recorded simul-
taneously from a single electrode were pooled, and these pools
were referred to as ‘local populations’.

First, we examined responses to stimuli that mimic natural
whisking conditions’: 50-ms pulses of air puffs applied to one or
two rows of whiskers at 8 Hz. Typical recordings along both path-
ways are shown in Fig. 1. Brainstem neurons appeared simply to
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Figure 1 Lemniscal and paralemniscal thalamic transformations. Recordings of local
populations from the six major stations along both pathways. Raster displays show firing
times of recorded neurons (black, red or blue vertical lines) in relation to stimulus onset
times (green vertical lines). Responses to 24 stimulus trains are plotted. PSTHs were
computed for each stimulus cycle and are shown for the first (at time O; thick curves) and
last three cycles of the figure (cycles 9—11; thin curves). Response patterns remained
steady during the remaining 13 cycles (not shown). The main trigeminal nuclei (Pr5 and
Spbl) receive vibrissal input and project to both thalamic nuclei, with a bias of Pr5 towards
VPM and Sp5I towards POm'®%, VPM projects to cortical barrels (dark areas in layer 4)
and layers 5b and 6, and receives feedback from the upper part of layer 6 (refs 6, 7, 30).
POm projects to layers 1 and 5a, and the septa between the barrels in layer 4 (refs 7, 8),
and receives feedback from layer 5 and the lower part of layer 6 (refs 7, 30). Electrolytic
lesions in the thalamus mark recording locations of single local populations in the POm
(upper) and VPM.
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